In this paper, we consider a wireless-powered communication network (WPCN), where an energy-limited multi-antenna information source, powered by a dedicated power beacon, communicates with a mobile user (MU). The MU is equipped with a single-antenna and its mobility is characterized by the well-known random waypoint mobility model. To gain the advantages with the use of multiple antennas at the source, we adopt two popular multiple-antenna transmission schemes, namely maximalratio transmission (MRT) and transmit antenna selection (TAS). Differently from previous works which considered only static scenarios, this paper aims to investigate wireless power and information transfer in the scenario with a random mobile user under Nakagami-m fading. It is noteworthy that a special case of our analysis, i.e., the Rayleigh fading case, has not been examined in the literature as well, which enhances the contribution value of the proposed analysis. Considering both MRT and TAS schemes, closed-form expressions for the outage probability, average delay-limit throughput, average delay-tolerant throughput, average bit error rate (BER), and throughput under average BER constraint are derived. The analysis quantifies the impact of the mobility and propagation environments, which are characterized by the path-loss exponent and multipath parameter for the PB-AP link and AP-MU link, on the performance of a WPCN. The analytical results are compared with Monte-Carlo simulations in order to validate the analysis and provide useful insights on the impact of different parameters on the system performance.
modes in WPC network over Rayleigh fading were derived. The tradeoff between harvested energy and information rate in a simultaneous wireless information and power transfer (SWIPT) system under time-switching (TS) and powersplitting (PS) schemes was investigated in [12] . The effect of co-channel interference (CCI) in WPC system on the average signal-to-interference-plus-noise ratio, the outage probability and the average throughput were examined in [13] . The performance of average bit error rate (BER) of space-shiftkeying-based WPC was analyzed in [14] . The authors in [15] studied the performance of downlink multiuser scheduling for a time-slotted system with SWIPT. A dynamic PS scheme in which the received signal is split into two streams with adjustable power levels for information decoding and energy harvesting separately based on the instantaneous channel condition that is assumed to be known at the receiver was proposed in [16] . The authors in [17] investigated how the energy harvester nonlinearity, fading and transmit diversity can be beneficial to boost the RF-to-DC conversion efficiency. The maximization problem of ergodic throughput in SWIPT fading relay channels was investigated in [18] . The performance of a new wireless-powered communication network (WPCN) that integrates backscatter communication was analyzed in [19] . In [4] , the authors maximized the minimum throughput among all users by jointly optimized the down-link-up-link (DL-UL) time allocation, DL energy beamforming, UL transmit power allocation, and receive beamforming in WPCNs. An asymptotic closed-form expression for optimal power allocation of a WPCN in the scenario of multiuser massive multiple-input multiple-output (MIMO) system was derived in [20] . In [21] , the authors addressed the problem of optimal time allocation of a WPCN for the power receiver to balance between wireless power transfer and information transfer. The maximum sum throughput of all device-to-device (D2D) pairs in underlaying WPCNs to satisfy the energy causality constraints was investigated in [22] . The performance of wireless mobile networks in the absence of wireless power transfer was extensively analyzed in the literature. In [23] , the authors studied the performance of wireless mobile networks under Nakagami-m fading in terms of average BER and outage probability. The performance of M -QAM and coherent binary modulation schemes in mobile wireless mobile networks over generalized α-µ fading channels with non-Gaussian noise was analyzed in [24] , [25] , respectively. The impact of user mobility on transmit power control in ultra dense networks was studied in [26] . The performance of decode-and-forward and amplify-andforward relaying network with a mobile relay in Nakagami fading environment was analyzed in [27] . In [28] , the authors studied the distribution of the received signal power in wireless networks subject to fading, path loss, and user mobility.
B. MOTIVATION AND CONTRIBUTIONS
A common feature of prior works is that they considered only static scenarios in which the transmitter sends information to a static user. However, in many scenarios of wireless communications systems, the users can be mobile, e.g., cellular users riding on a bus/train or walking on the street, or users walking on a campus while connecting with campus WiFi networks. Unlike existing works, this paper aims to analyze the performance of WPCNs considering a mobile user (MU). Specifically, we consider a WPCN where a multi-antenna AP transmitter harvests energy from a power beacon (PB) before transmitting the data to a mobile MU. It is noteworthy that the considered WPCN setup was widely adopted in the literature [5] [6] [7] [8] . Additionally, we assume that the receiving node mobility is governed by the random waypoint (RWP) model, which is a commonly used mobility model to evaluate different wireless systems [29] [30] [31] [32] . The RWP mobility model gained its popularity since it is simple and straightforward stochastic model that describes the movement behavior of a mobile device in a given system area [33] .
The main contributions of this paper are summarized as follows:
• We first derive closed-form expressions for the probability density function (PDF) and cumulative distribution function (CDF) for two transmit scenarios, namely maximal-ratio transmission (MRT) and transmit antenna selection (TAS). Our analysis is carried out by first assuming a Nakagami-m fading environment, in which the Rayleigh fading scenario can be obtained as a special case. It is worth mentioning that even for the Rayleigh case the derived results are novel.
• Novel closed-form expressions for the outage probability of MRT and TAS schemes are derived, and then used to obtain analytical expressions for the average throughput of delay-limited transmission mode.
• Novel analytical expressions for the ergodic capacity are derived in closed-form. The derived expressions are employed to obtain closed-form expressions for the delay-tolerant transmission mode.
• Novel closed-form expressions for the average bit error rate (BER) of binary and M -ary modulation schemes are derived.
• New expressions for the average throughput under BER constraints are obtained.
• Asymptotic expressions, at high SNR regime, for the outage probability and average BER are derived in closed-form, which enable us to determine the system diversity order.
• The analysis quantifies the impact of the mobility and propagation environments, which are characterized by the path-loss exponent and multipath parameter for the PB-AP link and AP-MU link, on the performance of a WPCN. Based on the derived expressions, the impact of the system and channel parameters on the overall performance is investigated. In particular, it is shown that the system performance improves as the values of fading parameters (i.e., m 1 , m 2 ), number of transmit antennas and transmit power increase. Also, the results show that MRT schemes achieves better performance compared with TAS schemes. It is also observed that there exist optimal values for the time-splitting ratio that maximizes the average throughput for both schemes under a given parameters set. Our asymptotic analysis reveals that the system diversity order is proportional to the fading parameters and number of transmit antennas.
The remainder of this paper is organized as follows. Section II presents the system, channel, and mobility models. Additionally, it provides detailed derivations of the PDFs and CDFs under mobility for MRT and TAS schemes. The derivation of several performance metrics, for MRT and TAS schemes, including outage probability, average throughput for delay-limited and delay-tolerant transmissions modes, average ergodic capacity, average BER, and throughput under average BER constraint is provided in Section III. Numerical and simulation results are presented in Section V in order to investigate the impact of the different parameters on the system performance. Finally, Section VI concludes this paper.
Mathematical Notations and Functions: Vectors are shown with bold lower case letters; (·) † and E[·] are the complex conjugate and the expectation operators, respectively; | · | and · denote the absolute value and Frobenius norm, respectively; I υ is the identity matrix of size υ, (·) is the Gamma function [ 
II. SYSTEM, CHANNEL, AND MOBILITY MODELS
Consider a wireless powered network as shown in Fig. 1 , which consists of a PB, transmitter AP, and MU. In this network, all the nodes are equipped with a single antenna, except that AP which is equipped with N antennas. We assume that AP is an energy-constrained node and harvests the RF energy transferred by PB before data transmission to MU. We adopt the time-splitting protocol proposed in [1] , [5] [6] [7] [8] . As such, the total transmission time slot T is divided into two orthogonal sub-slots. The first time slot is dedicated for power transfer from PB to AP with time duration of τ T with τ (0 < τ < 1) being the time-splitting ratio. In the second time slot, i.e., (1 − τ )T , the AP applies the harvested energy to transmit the information to the MU. Unlike the existing works in the literature, it is assumed that the RWP is used to model the mobility of MU [32] . Also, we assume that all channels are modeled as quasi-static fading and remain unchanged during each time block but vary independently from one block to another.
During the energy harvesting phase, the received signal at AP y 2 can be expressed as
where P s is the transmit power of the PB, D 2 is the distance between PB and AP, α is the path loss exponent, the N × 1 vector h 2 denotes the power transfer channel between PB and AP, x s is the energy signal with unit energy, and n 2 is an N -dimensional additive white Gaussian noise (AWGN) vector with E[n 2 n † 2 ] = σ 2 I N , where σ 2 is the noise power. At the end of the first phase, the total amount of energy harvested by the AP during the period τ T , denoted by E h , is given by
where λ (0 < λ < 1) is the energy conversion efficiency.
During the second phase with duration (1 − τ )T , the transmit power at AP can be computed as
(3)
In this paper, we assume initially that the Nakagami-m fading distribution is used to model the power transfer channel 1 , i.e., the amplitude of each element of h 2 follows Nakagami-m distribution with shape parameter m 2 and average power 2 . The channel between the AP and the MU, h 1 , follows the Nakagami-m distribution with shape parameter m 1 and average power 1 .
Turning now our attention to the RWP mobility model employed to describe the mobility of the MU. The PDF of the distance r between the AP and MU can be written by the general form as [32] 
where D is the maximum distance between AP and MU. The parameters n, B and β depend on the number of dimensions for a given network topology with the values listed in Table 1 . In RWP mobility model, the receiving node is located at randomly selected coordinate points in the service area, which depends on the network topology. For a 1D topology, the transmitter is located at the origin while the receiving node moves on a line. The 2D topology is assumed to be a circle, whereas a 3D topology is a spherical network. For 2D and 3D topologies, the transmitter is placed at the origin of a circle and sphere, respectively. 1 The analysis can be extended to line-of-sight (LOS) scenario. Note that in the literature, the Rician fading model is commonly used in the presence of LOS. However, for mathematical tractability, we adopt in this work the Nakagami-m fading model to represent the fading condition between the PB and AP. Also, it is important to note that the Nakagami-m fading model provides very accurate approximation to the Rician fading model. 
A. MAXIMAL-RATIO TRANSMISSION
In this part, the MRT scheme is assumed to maximize the reception quality at MU. As such, the received signal y 1 at MU can be written as
where r is a random distance between AP and MU, following the RWP mobility model [32] , h 1 is the N × 1 channel vector between AP and MU, w is the MRT vector (i.e., beamforming vector) given by w = h † 1 h 1 , x t is the information symbol with unit energy, and n 1 is the AWGN with zero-mean and variance σ 2 .
Theorem 1 (Probability Density Function): The PDF of the system under MRT scheme can be derived
Proof: See Appendix A.1.
Corollary 1 (Cumulative Distribution Function):
The CDF of the system under MRT scheme can be derived as
Proof: See Appendix A.2. Note that (6) and (7) can be used to study the performance of the system under consideration in terms of various performance metrics, such as outage probability, ergodic capacity, and average BER. 
Proof: See Appendix A.3.
Note that the generalized MGF coincides with the p-th order derivative of the MGF φ X (s) E[e −xs ] = φ (0) X (s). It is worth noting that the generalized MGF finds its way in some applications, such as energy detection of unknown signals [35] .
Rayleigh Case: When the PB-AP and AP-MU links experience Rayleigh fading, i.e, by setting m 1 = m 2 = 1, the PDF, CDF, and generalized MGF in (6), (7) , and (8) can be easily reduced to
and φ (n)
To the best of authors' knowledge, (6), (7) , (8), (9), (10), and (11) are new.
B. TRANSMIT ANTENNA SELECTION
In this case, the antenna with the maximum gain of AP-MU channel is selected, i.e.,
where h id is the i-th element of main channel h 1 . Therefore, the PDF can be obtained via
where f Z (x) and F Z (x) are, respectively, the PDF and CDF of the Nakagami-m fading channel (AP-MU channel) which are given by
and
Using (14) and (15), the PDF in (13) can be derived as [36] 
Theorem 2 (Probability density function): The PDF of the system under TAS scheme can be derived as in (17) , as shown at the bottom of this page.
Proof: See Appendix A.4.
Corollary 3 (Cumulative Distribution Function):
The CDF of the system under TAS scheme can be derived as in (18) , as shown at the bottom of this page.
Proof: See Appendix A.5.
Corollary 4 (Generalized Moment Generating Function):
The generalized MGF of the system under TAS scheme can be derived as
Proof: See Appendix A. 6. Rayleigh Case: The PDF, CDF, and generalized MGF in (17) , (18) , and (19) can be reduced to the Rayleigh case by setting m 1 = m 2 = 1. As such, one can obtain the followings:
The corresponding CDF can be obtained as
while the generalized MGF is given by
To the best of authors' knowledge, (17) , (18) , (19) , (20) , (21) , and (22) are new.
III. PERFORMANCE ANALYSIS A. DELAY-LIMITED TRANSMISSION MODE
In delay-limited transmission mode, the average throughput can be obtained by evaluating the outage probability with a fixed transmission rate [1] . That is
where ∈ {MRT, TAS}, R is the constant transmission rate, and P out is the outage probability, which is defined as the probability that the instantaneous channel capacity drops below the source's fixed transmission rate R, that is
where Pr(x < x 0 ) = F X (x 0 ) with x 0 = 2 R − 1 and F X (·) is given in (7) and (18) for MRT and TAS schemes, respectively. (25) , as shown at the bottom of the next page.
Corollary 5 (Average Throughout of the Delay-Limited Transmission Mode): The average throughout of the delaylimited transmission mode under MRT scheme is given by
Proof: See Appendix A.7. (26) , as shown at the bottom of the next page.
Corollary 6 (Average Throughout of the Delay-Limited Transmission Mode): The average throughout of the delaylimited transmission mode under TAS scheme can be obtained as in
Proof: See Appendix A.8. Rayleigh Case: For Rayleigh case, (25) and (26) can be, respectively, reduced to (27) and (28), as shown at the bottom of the next page.
Note that the coefficients c v ≥ 0 is for all values of v. Thus, it is worthwhile to emphasize that (26) and (28) converge
rapidly and steadily, requiring few terms (i.e., ∼20 terms) for an error smaller than 10 −8 .
B. DELAY-TOLERANT TRANSMISSION MODE
In delay-tolerant transmission mode, the average throughput can be calculated by evaluating the ergodic capacity at any constant rate [1] , i.e.,
where C, ∈ {MRT, TAS}, is the ergodic capacity of the system, which can be defined as (32) , as shown at the bottom of the next page.
Proof: See Appendix A.10. Rayleigh Case: For Rayleigh case, i.e., by setting m 1 = m 2 = 1, (31), (32), (80), and (81) can be, respectively, reduced to
Note that (31), (32) , (33) , (34) , (35) , (36) , (80), and (81) have not been reported in the literature as far as the authors are aware. Moreover, although (31) , (32) , (33) , (34) , (35) , (36) , (80), and (81) are expressed in terms of infinite series, however, the coefficients c v ≥ 0 for all values of v. Therefore, (81), (32) , and (34) converge rapidly and steadily, requiring few terms for accurate results.
C. AVERAGE BIT ERROR RATE AND THROUGHPUT 1) BER FOR BINARY MODULATION SCHEMES
For several binary coherent and non-coherent modulation schemes, the conditional BER P b (e|x) in AWGN can be written as [37] 
where δ and are constants determined by a specific constellation. Table 2 lists the values of δ and for different modulation schemes. Using (37), the average BER for binary modulation schemes operating over a fading channel can be written as
Corollary 9 (Average BER for Binary Modulation Schemes): The average BER for binary coherent schemes for the system under MRT is given in a closed-form as in (39) , as shown at the bottom of the next page.
Proof: See Appendix A.11. Corollary 10 (Average BER for Binary Modulation Schemes): The average BER for binary coherent schemes for the system under TAS is given in a closed-form as in (40) , as shown at the bottom of the next page.
Proof: See Appendix A.12.
Rayleigh Case: It can be shown that (39) and (40) can be reduced, respectively, to
It is worth mentioning here that (39) , (40), (41) , and (42) are new. It is recalled that the coefficients c v ≥ 0 for all values of v. As a result, (40) and (42) converge rapidly and steadily, requiring few terms for accurate results.
2) BER FOR M-ARY COHERENT MODULATION SCHEMES
The average BER for M -PSK and M -QAM constellations with Gray coding operating in an AWGN channel is given by [38] 
where the parameters , ς and g w are listed in Table 3 . 
The throughput of correct received bits, under average BER constraint, can be simply evaluated using
It is recalled that ∈ {MRT, TAS}. 
To the best authors' knowledge, (53), (54), (55), and (56), as shown at the bottom of the next page, are new.
IV. ASYMPTOTIC ANALYSIS
To obtain further insight into the derived expressions, in the this section, we derive asymptotic analytical expressions for the outage probability and average BER. Asymptotic analyses can be carried out based on the behavior of the PDF of the received signal power around the origin [39] . As such, for small values of x, the modified Bessel function K υ (x) can be reasonably approximated by
In what follows, we derive asymptotic expressions for the outage probability and average BER of MRT and TAS schemes.
A. MRT SCHEME Capitalizing on (57), using (74), and after performing long mathematical manipulations, the asymptotic PDF can be attained as
where ζ = min{m 1 N , m 2 N }.
The corresponding asymptotic CDF can be easily obtained as
The asymptotic outage probability can be obtained with the help of (59) as
From (60), it can be seen that the diversity order is given by ζ = min{m 1 N , m 2 N }.
2) AVERAGE BER
For binary coherent modulation schemes, the asymptotic average BER can be obtained using (38) , (58), and [34, Eq. (6.455.1)] as
For M -ary modulation schemes, the asymptotic average BER can be obtained with the help of (43), (58), and [40, Eq. (4.1.18)] as
Note that the diversity order of (61) and (62) is ζ = min{m 1 N , m 2 N }.
B. TAS SCHEME
The asymptotic PDF and CDF for TAS scheme can be obtained by following similar steps as in MRT scheme. Additionally, we take the first term of the summation over k, i.e., k = 0, which demands for c 0 = (1/m 1 ) N −1 . Thus, the PDF and CDF can be attained, respectively, as
where ζ = min (m 1 N , m 2 N ).
1) OUTAGE PROBABILITY
The asymptotic outage probability with aid of (64) can be written as
2) AVERAGE BER For binary coherent modulation schemes, the asymptotic average BER can be obtained using (38) , (63), and [34, Eq. (6.455.1)] as
while for M -ary modulation schemes, the asymptotic average BER can be obtained with the help of (43), (63), and [40, Eq. (4.1.18)] as
. (67)
Note that the diversity order of (65), (66), and (67) is ζ = min{m 1 N , m 2 N }.
V. SIMULATION RESULTS AND DISCUSSION
In this Section, representative numerical examples are presented to understand the impact of various parameters on the system performance. Also, Monte Carlo simulations are provided to corroborate the presented analysis. One can note that Monte-Carlo simulation results and analytical results are in excellent agreements, which verify the correctness of the derived analytical expressions. In all results, unless otherwise stated, the path-loss exponent α is set to 2.5 (α depends on the type of the surrounding environments) [41] while the maximum distance between the AP and MU is set to 10 m. Also, the energy conversion efficiency λ and the transmission rate R are set to 0.75 and 2, respectively. In addition, and without loss of generality, the distance between the PB and AP D 2 is set to 1 m. The outage probability performance as a function of P s for 2D topology in case of MRT and TAS techniques, with timesplitting ratio τ = 0.6 (i.e., energy harvesting time) and the number of antennas at the AP N = 2, is plotted in Fig. 2 . As expected, the outage probability performance improves as the transmit power of the PB P s increases. Additionally, the outage performance in case of MRT scenario outperforms the one in case of TAS. This is because in TAS technique, the receiver (i.e., MU) selects the signal that maximizes the received power among N signals, while in the MRT technique, the sum N signals is considered. The results also show that increasing m 1 (i.e., the number of multipath between the AP and MU) leads to a significant outage probability performance improvement and especially a higher diversity order as reflected by the steeper slope of the corresponding outage probability curves in the high P s regime. For example, when m 1 = 1.5 and m 2 = 2.5 (the number of multipath between the PB and AP), the diversity order for both schemes is ζ = min{m 1 N , m 2 N } and equals to 3. This is reflected by results shown in the figure as the slope remains unchanged, which confirms our asymptotic analysis. However, when m 1 increases from 1.5 to 4.5, the diversity order increases from 3 to 5, which reflects the steeper slope of the corresponding outage probability curves.
In Fig. 3 , the average throughput of delay-limited transmission mode versus the time-splitting ratio τ and various values of P s with N = 2 is depicted. The results show that as P s increases, the average throughput improves. This can be explained by the following reason. As P s increases, the received power at MU increases which results in increasing the average throughput. Additionally, the results show that as τ increases, the average throughput improves. However, as τ continues to increase, the average throughput reaches its maximum at some value of τ , say τ * . As τ goes beyond τ * , the average throughput degrades. Also, the average throughput becomes independent of the value of P s as τ increases further; since the average throughput is limited by the value of R(1 − τ ). Additionally, the results show that the MRT technique outperforms the TAS technique for the same reason explained earlier. The performance of average throughput for delay-tolerant transmission mode against τ in 2D topology is shown in Fig. 4 for various numbers of antennas at AP with P s = 25 dB. The result for N = 1 is provided as a benchmark. As N increases, the average throughput improves, as expected. Also, it improves as τ increases. However, as τ exceeds some values (say τ * ), the average throughput starts to degrades until it reaches its minimum value as τ → 1. This because that time τ (assuming T = 1) is dedicated for power transfer and the of time, i.e., 1 − τ , is used for data transmission. For τ < τ * , less time is used for power transfer, while much time is used for data transmission, thus the average throughput improves. However, as τ > τ * , the time dedicated for data transmission, compared with that of power transfer, becomes inadequate to achieve better throughput. Also, it can be noted that MRT achieves better throughput when compared with that of TAS schemes. 5 depicts the average throughput of delay-limit and delay-tolerant transmission modes for MRT and TAS techniques in 2D topology. We can see from Fig. 5 that the delay-tolerant transmission mode achieves better performance when compared of that of delay-limit transmission mode. This is because the average throughput in the delaytolerant transmission mode is limited by (1 − τ )C, while in the delay-limit transmission mode it is limited by (1 − τ )R. Also, in Fig. 5 , we can quantify the optimal value of τ which maximizes the throughput. For the delay-tolerant mode, the optimal value of τ is about 0.3. On the other hand, the optimal values of τ in case of delay-limit mode for MRT and TAS schemes are about 0.2 and 0.25, respectively. Fig. 6 illustrates the effect of the distance, between PB and AP (i.e., D 2 ), in 2D topology on the average throughput of delay-limit transmission mode for various values of τ . When PB is close to AP, the average throughput improves. However, as D 2 increases, the average throughput degrades. This is because less power transfer is received at AP, as a result the transmit power P t becomes low and hence the performance degrades. The results also show that the performance improves as τ decreases. Additionally, the performance becomes independent of D 2 when D 2 is less than threshold distance, say D * 2 . We can see that the value of D * 2 increases as τ increases. The performance of average BER for M -QAM scheme in 1D topology with N = 2 and τ = 0.75 is depicted in Fig. 7 . It can be observed that the average BER performance of MRT outperforms the one of TAS techniques. Also, the results show that average BER performance degrades as the modulation order M increases as expected. Fig. 8 shows the impact of the number of antennas on the average BER in case of QPSK modulation in 1D topology with m 1 = 2.5, m 2 = 3.5, and τ = 0.75. Obviously, increasing the number of antennas leads to a significant BER performance improvement and especially a higher diversity order as reflected by the steeper slope of the corresponding BER curve in the high P s regime. This is because the diversity order in case of MRT and TAS schemes is given by ζ = min{m 1 N , m 2 N }, as elucidated before. Finally, the average throughput performance of M -QAM schemes, under average BER constraint, versus the timesplitting ratio τ is plotted in Fig. 9 . The results demonstrate that the average throughput increases as τ increases. After the value of τ passes a threshold value τ * , the throughput degrades. It is clear that a higher throughput can be achieved when more time is dedicated for information transmission, as expected. Also, the results show that as M and(or) P s increase(s) better throughput can be achieved.
VI. CONCLUSION
In this paper, for the first time, the performance of WPCNs in the presence of mobility over Nakagami-m fading channels is analyzed. The analysis quantifies the impact of the mobility and propagation environments, which are characterized by the path-loss exponent and multipath parameter for the PB-AP link and AP-MU link, on the performance of a WPCN. Specifically, two techniques are considered, namely MRT and TAS. For both techniques, closed-form analytical expressions for outage probability, ergodic capacity, average throughput for delay-limit and delay-tolerant modes, average BER for binary and M -ary modulation schemes, and average throughput under BER constraint were derived. The results demonstrated that the system performance improves as the value of P s and N increases. Also, the results showed that the system performance improves as τ goes toward some value τ * . On the other hand, as τ increases beyond τ * , the system performance degrades. Additionally, the system performance improves as the distance between PB and AP decreases. Monte Carlo simulation results were provided to corroborate the presented analysis and an excellent match was observed, which validates the analysis.
As a future work, it would be interesting to study the performance of the proposed system model under multiple users and different power allocation schemes. Also, the work can be extended by assuming that the system setup undergoes multipath and shadowing fading distribution. Another interesting aspect is to investigate the proposed system model in the context of physical layer security.
The PDF of the signal power is given by
The received power at MU can be expressed as
where
Moreover, it can be seen that the conditional PDF of the received signal power at MU can be expressed as
where y = h 2 2 . Thus, applying concepts of probability, the unconditional PDF of the received signal power at MU can be given by 2
Using (4), (68), and (70), the unconditional PDF of the received signal power at MU can be written as
where 2 = D −α 2 . The inner integral w.r.t. y can be solved in closed-form using [34, Eq. (3.471.9)] as 2 It is important to note that an equivalent analysis can be carried out by finding the PDF of the received signal power at MU, i.e., the PDF of X = K 1 h 2 2 h 1 2 r −α and assuming 1 = 1.
Substituting (73) into (72) and after some algebraic manipulations, it follows that
The unconditional PDF in the above integral can be obtained, by representing the function K υ (·) in terms of Meijer's G-function [42, Eq. (14) ], using [42, Eq. (26) ], [43, Eq. (8.2.2.15) ], and after mathematical manipulations, we obtain (6) . This completes the proof.
A.2) PROOF OF COROLLARY 1
The CDF in (7) can be obtained using (6) and [42, Eq. (26) ]. Thus, the proof is completed.
A.3) PROOF OF COROLLARY 2
Using (6), the generalized moment generating function (MGF) can be obtained via
where p ∈ N. Now, substituting (6) into (75) and using [43, Eq. (2.24.8.1)], then we have (8) . Hence, the proof is completed.
A.4) PROOF OF THEOREM 2
The conditional PDF of the received signal power at MU can be expressed as f X (x|r, y)
Now, using (68), (4), and (76), the unconditional PDF of the received signal power at MU can be written as follows
Eq. (77) can be solved by following similar steps as in (72). Thus, for TAS scheme, the unconditional PDF of the received signal power at MU can be derived as in (17) , which completes the proof.
A.5) PROOF OF COROLLARY 3
The CDF in (18) can be derived with the help of (17) and [42, Eq. (26) ]. Thus, the proof is completed.
A.6) PROOF OF COROLLARY 4
The generalized MGF in case of TAS can be found with the help of (17), (75), and [43, Eq. (2.24.8.1)]. Hence, the proof is completed.
The average throughout of the delay-limited transmission mode under MRT scheme can be obtained using (7) , (23) , and (24) , which completes the proof.
A.8) PROOF OF COROLLARY 6
The average throughout of the delay-limited transmission mode under TAS scheme can be obtained using (18) , (23) , and (24) . Thus, the proof is completed.
A.9) PROOF OF COROLLARY 7
Using (6) and (30) (80), as shown at the top of the next page. Finally, the average throughput for MRT scheme can be readily obtained by substituting (80) into (29) . Hence, the proof is completed.
A.10) PROOF OF COROLLARY 8
The ergodic capacity and average throughput for TAS scheme can be obtained by following similar steps as in MRT scheme. Hence, one can obtain (81), as shown at the top of the next page. Then, substituting (81) into (29) , we obtain (32) , which completes the proof.
A.11) PROOF OF COROLLARY 9
By substituting the PDF given in (72) into (38) , then the average BER can be evaluated as 
A.12) PROOF OF COROLLARY 10
For TAS scenarios, the average BER for binary coherent schemes can be derived by following similar steps as in MRT scheme. This completes the proof.
A.13) PROOF OF COROLLARY 11
For MRT scenarios, the average BER can be evaluated using and as For the TAS scenario, Eq. (45) can be obtained by following similar steps as in MRT scheme, which completes the proof.
A.15) PROOF OF COROLLARY 13
For binary modulations under MRT, the throughput can be obtained by substituting (39) into (48), which completes the proof.
A.16) PROOF OF COROLLARY 14
For binary modulations under TAS, the throughput can be obtained by substituting (40) into (48), which completes the proof.
A.17) PROOF OF COROLLARY 15
The throughput of M -ary modulation schemes under MRT can be obtained with the help of (44) and (48), thus (51) is obtained. Hence, the proof is completed.
A.18) PROOF OF COROLLARY 16
The throughput of M -ary modulation schemes under TAS can be obtained with the help of (45) and (48), thus (52) is obtained. Hence, the proof is completed. 
